Aims. DI Psc (HD 217352) is a Li-rich, rapidly rotating single K giant. We set out to study the spot configuration and activity level by calculating surface temperature maps of the star. observing seasons, the spot activity seen in the spectral line profiles and inferred from Doppler images increases, and the temperature contrast in our last map is more comparable to what was reported in an earlier study. Therefore, it can be concluded that the spot activity level of the star is variable over time. However, the present and previous Doppler images form too short a time series to draw conclusions about a possible activity cycle in DI Psc.
Introduction
DI Piscium (HD 217352) is one of the low-mass lithium-rich [LTE log n = 2.20] K1 giants (Kővári et al. 2013 ) with a rotation period of approximately 18 days Koen & Eyer 2002; Kővári et al. 2013) . It has been stated that the rare population of Li-rich K giants is composed of objects rotating faster than ordinary giants of the same type (e.g. Reddy & Lambert 2005; Drake et al. 2002) . DI Psc is one of the fastest rotators within this population, and more studies are still needed to determine whether the angular momentum is added to the envelope from the interior (rapidly rotating core) or from outside (merging planet), or if it is an effect of merged binaries (Drake et al. 2002) .
The cause for the anomalously high Li abundances in this class of objects also remains under debate. Lithium is destroyed within a star's main sequence phase and can mainly survive in a thin layer at the surface of the star due to the lack of mixing between this and other layers. Observations of Li abundances in K giants confirm that the values observed are close to the predicted upper limit (e.g. Melo et al. 2005; Kumar et al. 2011) , and in some objects even exceed the present interstellar medium value (see e.g. de La Reza & da Silva 1995; Balachandran et al. 2000) . Charbonnel & Balachandran (2000) describe two methods of lithium production. The low-mass red giant branch (RGB) stars, which go through a helium flash, produce Li at the phase seen as a bump in the luminosity function. When the outwardmoving hydrogen-burning shell first meets the convective envelope owing to the increasing helium core mass, the surface luminosity is decreased, because the availability of extra hydrogen decreases the mean molecular weight. The outwardly moving hydrogen shell burns through the mean molecular weight discontinuity (Charbonnel & Balachandran 2000) , and extra mixing processes, such as the one induced by rotation, can now connect helium-rich envelope material to the outer regions of the hydrogen-burning shell, which activates Li production. The vast majority of Li-rich K giants have luminosity and effective temperature combinations that permit Li production at a helium core flash, which has been proposed as another possible mechanism for producing the Li-rich giant population (see e.g. Kumar et al. 2011) . The main cause of these abnormal abundances of Li in low-mass red giant stars still remains unknown (e.g. Kumar et al. 2011) , since none of the above-mentioned scenarios are directly supported by observational evidence. For instance, even though the Li-rich RGB stars rotate faster than average, high Li abundances have been observed in slow rotators, and low abundances in fast rotators, casting some doubt on the importance of the extra mixing provided by rotation. A&A 562, A139 (2014) Recently, DI Psc has also been studied using the Doppler imaging technique by Kővári et al. (2013) . These results suggest that the star shows large cool spots both in polar and low-latitude regions. Such cool spots are generally interpreted as manifestations of the presence of strong magnetic fields, hence a sign of magnetic activity driven by an underlying dynamo mechanism. The operation of a dynamo relies on the collective inductive action of rapid enough rotation, convective turbulence, and non-uniformities in the velocity field (see e.g. Brandenburg & Subramanian 2005) .
Observational studies of other rapidly rotating late-type stars with convective envelopes have shown that these stars, fairly independently of spectral type or binarity, consistently show similar types of spot configurations on their surfaces (see the reviews by Strassmeier 2009; Berdyugina 2005) . The spots are usually large, and they occur at high latitudes, sometimes even in the polar regions. Moreover, the spot distribution over longitude is uneven, which has led to the conclusion that the dynamo mode in question is non-axisymmetric. In some of the observed giant stars, e.g. in the RS CVn binary system primary component II Peg, the spots are observed to drift with respect to the surface rotation of the star (Lindborg et al. 2011; Hackman et al. 2011 Hackman et al. , 2012 Lindborg et al. 2013 ). This can be understood as an azimuthal dynamo wave of the non-axisymmetric field (see e.g. Mantere et al. 2013 , and references therein). Similar behaviour, but with a less systematic drift, has been reported in the single giant FK Com (Korhonen et al. 2007; Hackman et al. 2013) . The magnetic activity in these objects, therefore, manifests itself very differently than in the Sun, where the magnetic field is mostly axisymmetric (see e.g. Pelt et al. 2006, and references therein) , and the toroidal field shows latitudinal migration causing the well-known butterfly diagram of sunspots (see e.g. Ossendrijver 2003 , and references therein).
Since the Doppler imaging study of Kővári et al. (2013) presents only one observing season of the object, it is desirable to extend their study in time to investigate the evolution of the cool spots on the star's surface. DI Psc was spectroscopically monitored with the SOFIN spectrograph at the Nordic Optical Telescope (La Palma, Spain) during the years [2004] [2005] [2006] . In this paper we compute three new surface temperature maps for DI Psc based on SOFIN at NOT observations. In Sect. 2 we describe our dataset, in Sect. 3 the Doppler imaging method. In Sect. 4 we present the new Doppler images derived, and finally in Sect. 5 discuss the implications of our results.
Spectroscopic observations with SOFIN
All the observations were made using the SOFIN highresolution échelle spectrograph at the 2.56 m Nordic Optical Telescope (NOT), La Palma, Spain. The data was acquired with the second camera equipped with a Loral CCD detector containing 2048 × 2048 pixels. This gives a spectral resolution of R ≈ 70 000.
A total of three sets of high-resolution spectra of DI Psc Notes. The heliocentric Julian date is given as HJD-2 450 000, and rotational phases are calculated using Eq. (4).
are summarized in Table 1 , where we give the details of the individual observations. Observations of approximately ten evenly distributed rotation phases are regarded as optimal for Doppler imaging (Vogt et al. 1987) . Thus the observation from 2006 definitely has insufficient phase coverage. Vogt et al. (1987) examined the effect of incomplete phase coverage on the images: the effect of poor sampling was found similar to low S/N, the main problem being errors and fuzziness in the spot shapes. The spot locations and sizes were quite well recovered. Rice & Strassmeier (2000) concluded that a phase gap as large as 100
• does not significantly affect the recovered features. Doppler images based on observation with larger phase gaps than this have been published before, e.g. in the studies of II Peg (Berdyugina et al. 1998) , EI Eri (Washuettl et al. 2009 ), and HD 171488 (Jeffers et al. 2011) . The largest phase gap in the observations from 2006 corresponds to roughly 160
• . We can thus expect that the insufficient phase coverage in the observations will result in errors in, say, the shape and latitudes of the spots, but we will still get useful information about the spot coverage.
As for the S/N, we stress that we use a synthesis of several lines in our analysis. This means that noise is partly cancelled out, and the resulting temperature maps are not as sensitive to noise as in the tests performed by e.g. Vogt et al. (1987) .
The spectral observations were reduced with the 4A software system (Ilyin 2000) . Bias, cosmic ray, flat field and scattered light corrections, wavelength calibration and normalization, and corrections for the motion of the Earth were included in the reduction process.
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Doppler imaging
We use the Doppler imaging code INVERS7 written by Piskunov (Piskunov et al. 1990; Piskunov 1991) . In INVERS7, the ill-posed inversion problem is solved by Tikhonov regularization. Generally this means introducing an additional structural constraint to minimize the surface gradient of the solution. The Doppler imaging solution is retrieved using a table of calculated local line profiles for different surface positions (limb angles) and different effective temperatures.
Local line profiles are calculated using numerical models of stellar atmospheres. The choice of parameters used is not trivial, because different parameters have similar effects on the spectral lines, and appropriate fits can be obtained by using different combinations of stellar and spectral parameters. The inversion procedure is very sensitive to changes in the parameter describing microturbulence, so that varying it causes shifts in the average effective temperature T eff of the solution. Making errors in the calculations and using an inaccurate v sin i can produce artefacts, seen as cool polar caps, and hot or cool belts in the Doppler imaging maps. Thus, establishing the connection between the variation in the stellar parameters and the line profiles is crucial (e.g. Lindborg et al. 2011; Hackman et al. 2012) .
The inversion method is described in more detail in the papers by Piskunov et al. (1990) and Piskunov (1991) and in our previous study of II Peg (Lindborg et al. 2011 ).
Stellar parameters
Setting the stellar parameters for single stars is more demanding than for close binaries. In the latter case the inclination can be deduced from the orientation of the binary orbits, while in the former, the inclination is often roughly estimated from known rotation periods, the v sin i, and an assumed radius. Vogt et al. (1987) made tests of how different (wrongly chosen) inclinations influence the Doppler imaging result. Their conclusion was that the overall locations of spots and shapes of spots are well preserved and insensitive to errors. DI Psc is located at a distance of 190
+30
−23 parsecs from the solar system (van Leeuwen 2007). The spectral type of DI Psc has been determined to be K1 III giant. According to Gray (2008) this gives the effective temperature T eff ≈ 4700 K and the surface gravity log g ≈ 3. In the variable star one-shot project VSOP (Dall et al. 2007 ) DI Psc was reclassified as a G8III-IV spectral type, and claimed to be a double-lined spectroscopic binary. We examined the spectra, but could not find any traces of orbital motion in the spectra. Kővári et al. (2013) calculated heliocentric velocities for DI Psc from observations and determined the velocity to be around −18 km s −1 in all sets of observations. Based on this we conclude that DI Psc is a single star, not a spectroscopic binary.
In the analysis presented here, we used the MARCS planeparallel LTE stellar model atmospheres (Gustafsson et al. 2008) with temperatures 3000-6000 K. We adopted a radial-tangential macroturbulence of ζ t = 4.0 km s −1 from Gray (2008) . The microturbulence ξ t and inclination i were determined by testing different values. The best fit was achieved with i = 60
• and ξ t = 2.0 km s −1 . All the stellar parameters used in the inversions are summarized in Table 2 .
According to Strassmeier et al. (2000) , the rotation period would be P ≈ 18. d 4, and according to Hipparcos photometry, P ≈ 18 d (Koen & Eyer 2002) . Kővári et al. (2013) analyzed rotational properties from photometry, which led to the more accurate period of P ≈ 18. d 066 ± 0. d 088. We re-estimated the period with the re-formulated Barnes-Evans relation (Beuermann et al. 1999) . Observational values of absolute V-band magnitude M V = 0. m 47 and de-reddened V − I C = 1. m 05 were adopted from Kővári et al. (2013) . The Barnes-Evans relation by Beuermann et al. (1999) yields
where S V is a surface brightness of the star in V-band, which can be estimated for giant stars
From these relations we can compute the radius of the star, yielding roughly R ≈ 16.3 R . Thus, the rotation period of the star can be obtained in the following way:
where we have used the optimal value of inclination, i = 60
• , in our analysis. In conclusion, the rotation period of Kővári et al. (2013) of P = 18. d 066 is in acceptable agreement with our estimations. Rotational phases were calculated using the ephemerid:
where the epoch is the time of the first used spectral observation in Kővári et al. (2013) , and the period is the photometric period.
Spectral parameters
The following spectral lines were used in the surface temperature inversions: Fe I 6411.649 Å, Fe I 6430.846 Å, Fe II 6432.680 Å, and Ca I 6439.075 Å. All these lines are actually blends of several lines. In total 43 lines were included in the calculations. The spectral line parameters were obtained from the Vienna Atomic Line Database (Kupka et al. 1999) . Solar element abundances were used (log[M/H] = 0.0). The log(g f ) values of two Fe I lines, one Fe II line, and one Ca I line, i.e. the strongest lines, were modified from the standard values, shown in Table 3 , because the standard values were found to produce a wrong balance between these lines. We note that also Kővári et al. (2013) encountered problems in fitting some photospheric lines for DI Psc.
Results
Our observations were made during the years 2004-2006, with one observing run during each year. This allows us to calculate three new Doppler imaging temperature maps for the star. Table 4 lists the average temperature computed over the visible surface, the temperature difference between the coolest surface structures and the average temperature, and the spot filling factor when the threshold for cool spots is taken as T = 4400 K. In July-August 2004 (see Fig. 1 ), no clearly detectable spot regions are visible, and the temperature differences between the cool and warmer areas are around 300 K. The spot filling factor is zero, so DI Psc is effectively spotless at this time. About one year later in July 2005 (the second temperature map shown in Fig. 1 ), cool spots have appeared at both high and low latitudes. The coolest spot structure extends from latitudes 30
• -60
• . The spot activity has increased dramatically since the spot filling factor is 21.3%. In September 2006 (Fig. 2) , the spots can be seen at a wider latitude range, with weak spots both at the polar regions and below the equator. The spot filling factor has increased further to 35.2%.
The spot structures are weak in 2004, the temperature contrast between the cool spots and the average temperature being less than 300 K, but increasing over time. During July 2005, the spots are roughly 553 K cooler, and 590 K cooler during the 2006 season than the average.
Our September 2006 image has rather low phase coverage, and some spots are centred on phases where we do not have any observations, so it is hard to say whether those spots are real or artefacts. However, we want to stress that the presence of spots is clearly seen from bumps in spectral lines in the observations from 2006. Furthermore, as demonstrated by e.g. Vogt et al. (1987) and Rice & Strassmeier (2000) , poor phase coverage mainly affects the positions and shapes of spots, but should not introduce spurious spot structures. We thus regard the spot filling factors as, if not completely accurate, at least directional; nevertheless, in the next section we test the reliability of the poorest phase coverage map in detail.
Reliability of the September 2006 map
To estimate the errors due to poor phase coverage we tested how insufficient phase coverage shapes the July-August 2004 map by removing several phases so that only five phases, corresponding roughly to our September 2006 map, were left in the inversion. The result is displayed in Fig. 3 . The most prominent artefact is the cool and hot spot structure centred on phase 0.9. In the original image there was only a very weak cool spot at this position. The test shows that the spot filling factor increases slightly when the phase coverage is reduced. In the test the spot coverage factor rises to 4.8%, and temperature difference is 400 K. Thus we state that with only five observations we still can have a realistic estimate of the spot coverage.
Summary and discussion
We publish three new temperature maps for DI Psc during [2004] [2005] [2006] . Our map of July-August 2004, which is our best observing season with high phase coverage, reveals a more or less spotless appearance. This is a dramatic change from the May 2000 surface temperature maps published by Kővári et al. (2013) , showing large polar and belt-like low-latitude spot with a significant temperature contrast. Although the inversion method and some adopted stellar parameters (such as the inclination) were different from ours, the observations were also of good quality with sufficient phase coverage. Therefore, both of the maps can be regarded as almost equally reliable, and the differences are therefore unlikely to be caused by the aforementioned facts.
Although with poorer phase coverage, our maps for the 2005 and 2006 seasons seem to indicate recovering spot activity, with both high-latitude and low-latitude spots appearing on the stellar surface. Although the spot distribution resembles that of the May 2000 Doppler image in Kővári et al. (2013) , the temperature contrasts for the September 2006 observing season map is still lower than the ΔT ∼ 1000 K reported by Kővári et al. (2013) . This map was derived with another Doppler imaging code and different stellar and spectral parameters, but these differences should show up more as axisymmetric structures than individual spurious spots. Furthermore, the cooler spots retrieved by Kővári et al. (2013) are supported by the stronger bumps seen in their spectral lines.
The combined view arising from all the so-far produced surface temperature maps of DI Psc (Kővári et al. 2013 , and this study) suggests that the spot coverage fraction has varied strongly on a time scale of a few years. The strong spot activity observed in May 2000 practically vanished within the four years to July-August 2004. After this the spot activity regained some of its strength until September 2006. This evolution is not only supported by our Doppler images, but can be traced directly from distortions in the spectral lines.
The spot evolution can be a consequence of an activity cycle, but the follow-up time is too short for any conclusion on any periodicities in the activity level. Of course, the Doppler images are just snapshots in time, so faster fluctuations in activity are not ruled out.
Lithium-rich, rapidly rotating single giants are a hot topic both in observational and theoretical astrophysics. The cause of high Li-abundances in K giants still remains under debate. The stellar parameters for DI Psc are still not well known, which is a severe drawback for constructing reliable surface temperature maps using Doppler imaging techniques. Even the spectral type and single star status of DI Psc have been questioned. We checked several observing sets and different wavelength regions, but no marks of a spectroscopic binary component was detected, so we claim that DI Psc is a K-type single giant.
The convective turnover time, τ c , of G-K giants in the luminosity classes III-IV can be estimated to be on average 50 d (see e.g. Saar & Brandenburg 1999, Table 4 , and references therein). The inverse Rossby number, also called the Coriolis number, which characterizes the strength of the rotational influence on the turbulent motions in the stellar convection zone, makes it possible to theoretically predict activity cycle lengths in rapid rotators. Using this rough estimate of τ c , would give Saar & Brandenburg (1999) , on which stars systematically show magnetic cycles of a few hundred times the rotational period, i.e. a few years to ten years. On this branch, the magnetic activity cycle length decreases as function of rotation rate. For comparison, in the Sun the Coriolis number is less than unity near the surface and of the order of 10 near the bottom of the convection zone (e.g. Käpylä et al. 2005) . Even though this implies that the rotational influence on convection is far stronger in DI Psc than in the Sun, we are still not faced with the far extremes. For some other giant stars with similar spectral and luminosity classes, considerably higher Coriolis numbers can be deduced. For example, the RS CVn system's primary component, II Peg, for which P rot ≈ 6. d 67 (Berdyugina et al. 1999) and Co ≈ 94, and the extremely rapid rotator FK Com (see e.g. Hackman et al. 2013 , and references therein) with P rot ≈ 2.
d 4 resulting in Co ≈ 261. These extremely rapid rotators most likely fall, or at least approach, the "superactive branch" of the diagnostic diagram (magnetic activity cycle period as function of Ro −1 ; Brandenburg et al. 1998; Saar & Brandenburg 1999) and are therefore expected to exhibit magnetic cycles that are several thousand times longer than the rotational period (several tens of years).
The expected relatively short magnetic cycle makes DI Psc an ideal target for Doppler imaging studies. Given that the star also shows a peculiar property related to its Li-abundance, it is extremely fascinating to try to determine its approximate location in the above-mentioned diagnostic diagram.
The relatively large variations seen in the spot coverage fraction during only a few years can be at least considered to rule out the possibility of DI Psc exhibiting the very long magnetic cycle characteristic of the "superactive" branch or stars transiting towards it. The observational data gathered so far, however, is not adequate to distinguish whether the star belongs to the "active" or the "inactive" branch.
The connection between cool spots and magnetic fields in the Sun has seldom been detected in other stars, and it is not yet obvious that this relation can be extended to other types of cool active stars besides of the Sun (Kochukhov et al. 2013) . A completely different scenario for the origin of the cool spots of rapidly rotating stars has been studied by Käpylä et al. (2011) and Mantere et al. (2011) , who propose that the formation of temperature anomalies on the surfaces of rapidly rotating latetype stars could be generated by the hydrodynamical instability, creating large-scale vortices. This could also give another explanation for the hot spots near the large cool spots detected in several rapidly rotating stars, including DI Psc in this study, by Doppler imaging: these may not be artefacts, but actually a real phenomenon.
We observed DI Psc only in [2004] [2005] [2006] , so the time series is too short to detect activity cycles. The important future work would be to continue observing DI Psc in order to get longer time series of observations with better phase coverage to determine the magnetic cycle of the star.
